Organisms that tolerate essentially complete dehydration are said to be in anhydrobiosis, and can be referred to as anhydrobiotes. Those organisms are of great ecological and medical importance, but also provide models for the study of a variety of biological phenomena. We examined the tolerance of selected eukaryotic anhydrobiotes to high temperatures using slow (~4°C min ) heating to 110, 120, 130, and 140°C. Test organisms were then either returned to storage temperatures close to 22°C (preheating), or held at those high temperatures for an additional 10 min. Some anhydrobiotes survived slow heating to 130°C, whereas rapid heating led to a dramatic reduction in survival. None of these organisms encounter anywhere near these high temperatures in nature, so tolerance is not an obvious result of adaptation to current or recent conditions. We speculate that tolerance could have been achieved during the much earlier evolution of these organisms, and has been retained up to the present.
INTRODUCTION
Of major ecological importance is the ability of many organisms to survive reversible dehydration during one or more stages of their life history, a phenomenon known as anhydrobiosis (Alpert, 2006) . A diverse array of these organisms is found in aquatic habitats of a temporary (ephemeral) nature that, when dry, can also reach high temperatures (Alpert, 2006; Berjak, 2006) . Of significance in many regards, including basic science, agriculture, and public health, these dried organisms are also among the most resistant organisms on Earth in terms of tolerance to very high temperatures and other environmental extremes. In this paper we restrict our coverage to anhydrobiotic eukaryotes because relatively little is known about their upper thermal limits compared with dried microorganisms. The survival temperatures we measure in the laboratory are very much higher than those normally encountered in nature, and we will advance an evolutionary interpretation of these results in the Discussion.
The literature on upper temperature limits for survival of anhydrobiotic eukaryotes is widely scattered. Some examples follow. Reports of dry heat survival at 80-160°C of Dodonaea seeds (Baskin et al., 2004) have been supported by results from Herranz, Ferrandis & Martinez-Sanchez (1998) on Mediterranean Leguminosae species, surviving at 150°C, and on seeds of species adapted to environments commonly experiencing fire. The book by Baskin & Baskin (2001) is a valuable source of information on thermal tolerance of plant propagules. With regard to anhydrobiotic animals, there have been several studies on the high temperature survival of encysted embryos (cysts) of various species of the brine shrimp Artemia indicating survival above 100°C (see Clegg & Conte, 1980; Abatzopoulos et al., 2002; Clegg & Trotman, 2002; Clegg, 2005) , but the results vary widely in terms of temperature, exposure time, and general methodology.
An important technical question arises: are the reported temperatures those actually experienced by organisms in the laboratory? It has been our experience that virtually all the research we examined in this area lacks detailed descriptions of the heating methodology used. We suspect that many researchers made the mistake we did at the beginning of this study: namely, by assuming that the temperature indicated by the oven (or by a thermometer placed inside) corresponded to the temperature experienced by the test organisms. Our initial results showed very large differences between such oven temperatures and the temperatures of objects inside when measured with a thermocouple. To avoid such mistakes we present in this paper a detailed description of our methods, which were specifically designed to measure the temperature of the objects themselves.
Another condition of obvious importance is the rate of heating. In our experience essentially all the anhydrobiotes we studied performed very poorly when exposed directly and suddenly to high temperatures ('a heat shock'), whereas survival increased dramatically when they were heated slowly, which is clearly of greater ecological relevance. Thus, the rate of temperature increase (°C min -1 ) to arrive at a given temperature (the slope to that point) is of critical importance: the steeper the slope, the lower the survival, and the less realistic such a temperature increase becomes in terms of environmental (ecological) relevance. In other words, we found that anhydrobiotes survived temperatures well above 100°C, but only if the temperature increase was slow. Here we focus on the differences between rapid heating (R) and slow heating (S).
MATERIAL AND METHODS
Anhydrobiotes from the plant and animal kingdoms were chosen for our experiments. Among the plants we use seeds of the flowering plants Cardamine hirsuta (small meadow), Senecio vulgaris (small groundsel), Taraxacum officinale (dandelion), spores of the fern Adiantum capillus-veneris (common maidenhair), and gametophytes of the moss Bryum argenteum (silver moss). Among the animals we used cysts of the anostracan crustaceans, Branchipus schaefferi (fairy shrimp) and Artemia franciscana (brine shrimp), and fully grown adults of the bdelloid rotifer, Philodina roseola.
Limited studies were also performed on the thermal resistance of Arabidopsis thaliana seeds, anhydrobiotic immatures and adults of Ramazzottius calcaratus (Tardigrada), and unicellular haematocysts of the alga Haematococcus pluvialis (Volvocales).
Seeds of Cardamine, Senecio, and Taraxacum Clegg, 1997; Tanguay, Reyes & Clegg, 2004) . Arabidopsis seeds were from the ecotype Colombia (originally obtained from the Nottingham Arabidopsis Stock Center).
After heating, by methods still to be described, the viability of seeds, spores, or gametophytes was evaluated by in vitro germination assays. All germinated seedlings were grown to normal young plants, at which point the study was terminated. Branchipus cysts were produced in laboratory cultures and airdried. Heated cysts were assayed for viability by hatching studies performed in 20 small-well plastic dishes (Falcon Microtest96) using 0.2 mL distilled water per well as the hatching medium. To evaluate whether heating the cysts impaired the reproduction of adults derived from them, we checked the nauplii for growth and reproduction of adults, as described previously (Beladjal et al., 2003) . A similar procedure was followed for Artemia except that sea water was used (Clegg, 1997) . For experiments on rotifers and tardigrades we disrupted the field-collected material containing these animals and put 1 g in a desiccator for 3 days, followed by experimental heating. Afterwards the material was divided into 20 samples of about 50 mg each in small plastic beakers, and covered with 10 mL of distilled water. Active animals were picked out and counted the next day.
All samples (seeds, spores, cysts, etc.), including the controls, were incubated for 3 days over silica gel in a desiccator [~0% Relative Humidity (R.H.)] before the heating studies. Although we did not measure the water content of these very dry organisms, we believe it could not be more than about 10% by weight. Samples were either heated rapidly (~100°C min , slow or S) to the temperature of interest (110, 120, 130, or 140°C) and assayed at once, or were held there for an additional 10 min (referred to as R + 10 or S + 10), after which they were removed from the heater and assayed for viability.
Heating was carried out in a dry air oven (Jouan-EU170) with the samples in small aluminium holders. The heating apparatus is illustrated in Figure 1 . The probe of a wire thermocouple (connected to a data logger, Testo 175-T3) was placed directly among the seeds, cysts, etc. in the sample holder. Thus, we are confident that we are measuring the actual temperatures of the cysts and seeds. 'Rapid' refers to temperatures recorded in holders that had been transferred suddenly from room temperature (~22°C) to 110, 120, 130, and 140°C. In these cases the measured rates of heating were 86.9°C min -1 for the 110°C samples, 96.7°C min -1 for the 120°C samples, and 106.7°C min -1 for those at 130°C. 'Slow' refers to samples at room temperature that were then heated at a rate of 3.8°C min -1 to the final temperature of 110, 120 or 130°C. In both S and R heating modes, all samples were incubated for an additional 10 min after the desired temperature was reached (S + 10 or R + 10).
The plateau of 10 min incubation at the final temperature was carried out by floating the samples (4 in Fig. 1 ) in their container (3) on a corn oil reservoir (an aluminium dish, 30 ¥ 25 ¥ 7 cm, 1 in Fig. 1 ) in a (different) small oven (SEB type Twenty.L, clean tech), at the experimental temperature, as shown in Figure 1 . A cardboard/aluminium lid (5) covered and isolated the air above the floating aluminium containers (3) and samples (4). The probe of a wire thermocouple (6) was placed directly among the anhydrobiotes in the sample container (4) and connected to a data logger (Testo 175-T3). For R heating the samples were put directly into the floating containers in the oil bath that previously had been equilibrated to the temperature of interest. For S heating studies the aluminium containers (3) were warmed slowly in a dry air oven (Jouan-EU170) until the maximum temperature was reached, and were then moved immediately to the oil surface of the oil reservoir (1) (equilibrated at the temperature of interest), and were then quickly moved to the nearby small oven for further incubation for 10 min.
The methodology for R heating was the same as that used for the S heating experiments, except for the rate of temperature increase. The container with samples inside was immediately floated on hot oil at the indicated temperature. Thermocouple readings showed that this temperature was reached within 1 min, instead of the slow heating that began at room temperature in the dry air oven outside of the oil bath.
RESULTS
The survival of plants after S heating to the desired temperatures of 110, 120, 130, or 140°C (S), or after R heating to those temperatures followed by a period of 10 min held at the final temperature, are summarized in Table 1 . Cardamine seeds are remarkably resistant, with 64% surviving 10 min at 130°C, and 95% surviving at 120°C, provided that the heating was slow (S + 10). However, and in striking contrast, there was no survival at both these temperatures after rapid heating (R + 10), even though the total exposure time was significantly shorter, as shown in Figure 2 . The same phenomenon was observed for seeds of Senecio and Taraxacum, although these are somewhat less resistant to the same temperature regime. Spores of the fern Adiantum survived 10 min at 120°C after slow heating, whereas no survival at all was observed after R heating. It is surprising that even dried moss plants (the gametophytes of Bryum) survived 10 min at 110°C. All results from slow heating studies showed highly significant differences (P < 0.001) when compared with those obtained by R heating.
Very similar outcomes occurred in studies on the anhydrobiotic stages of animals, as shown in Table 2 . In order to accentuate the differential effects of R and S heating, comparable experiments where performed as for S + 10 and R + 10. Even so, the differences between R and S heating remain prominent.
In addition to the results shown in Tables 1 and 2 , a limited number of other studies were carried out. For seeds of Arabidopsis undergoing S heating to 110°C a survival level of 68 ± 12% (SD) was observed, Figure 1 . Design of the apparatus used for slow (S) and rapid (R) heating, and to hold the anhydrobiotes at 110, 120, 130, and 140°C for 10 min (S + 10; R + 10): aluminium dish (1), 30 ¥ 25 ¥ 7 cm, filled with corn oil (2), topped by cardboard/aluminium foil lids (5) that cover (and isolate) the air (3) above the floating aluminium containers holding the samples (4) and thermocouples to measure the temperature (6).
whereas this was reduced to 13 ± 10% after R heating to 120°C; none survived at 130°C. After S heating to 110°C, and being held there for an additional 10 min, dried adult tardigrades of the genus Ramazzottius showed 18% survival, rather impressive for a complex, albeit close to microscopic, animal. In this study 100 animals per gram were used. After S heating to 110°C, red palmellae (dormant cells) of the green alga H. pluvialis had a survival level of 35 ± 8%, but none survived 120°C.
It is worth stressing that after germination all seedlings and moss sprouts grew normally and indistinguishably from controls. Among the animals, the bdelloids and tardigrades resumed active life within a Table 1 . Germination after slow heating (S) and rapid heating (R), followed by an additional 10 min (S + 10 and R + 10) at the maximum desired temperature of 110, 120, 130, and 140°C relative to controls (taken as 100%) of tested plants The P-values are from Kolmorov-Smirnov tests between slow heating with an additional 10 min (S + 10) and rapid heating with an additional 10 min (R + 10). 
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Figure 2. Rates of temperature increase during slow (S) and rapid (R) heating to 110, 120, and 130°C, followed by further incubation for 10 min at these temperatures (S + 10; R + 10). The apparatus used for this and all heating studies is described in Figure 1 . Further details are given in Material and methods.
few minutes of being hydrated. For Artemia and Branchipus, the juveniles grew well after hatching, much the same as controls, and, once adults, reproduced and gave rise to normal ofspring.
DISCUSSION
We were surprised at the ability of these evolutionarily diverse anhydrobiotic species to endure such high temperatures, the determination of which was one motivation for undertaking this study. It is well known that some seeds are adapted to environments commonly experiencing fire, and that their germination in some cases directly depends on previous heating exposures. But the temperatures examined in the laboratory on these seeds are rarely much above 100°C, and exposure times are usually limited to a few minutes (Baskin & Baskin, 2001; Valbuena & Vera, 2002; Whitaker et al., 2004) . The biochemical and biophysical basis of this tolerance should prove interesting, including the marked differences between the outcomes of S versus R heating rates. It is not obvious to us why these heating rate differences should have such marked effects on viability, as we are dealing with very dry samples, containing less than about 10% water by weight. We recognize that the rate of heating in fully hydrated systems can be expected to be critical, and to allow such things as extensive membrane changes, and macromolecular unfolding and aggregation to occur. The anhydrobiotes studied here, however, were incubated for 3 days over silica gel before heating, so that extremely little and probably no solvent water exists in them; their intracellular environment is more akin to a protein-sugar-glass, in which the components are, so to speak, locked in place. Those conditions minimize damaging interactions that require translational diffusion. However, it is possible that R versus S heating have different effects on the glass transition temperature, T g a parameter of major importance to the integrity of a variety of dry systems, ranging from lyophilized macromolecules (Carpenter et al., 2002) to dry membrane preparations (Crowe et al., 2005) to anhydrobiotes (Crowe, Carpenter & Crowe, 1998) . The general criterion for thermal stability is that Tg must be above the maximum exposure temperature. We are not aware of any studies that evaluate Tg for the anhydrobiotes studied here (Tables 1 and 2) , so this will be an ideal topic for future work.
We propose that the significant differences in results between R heating and S heating support the 'ecological heating hypothesis' we wish to propose here. Not only does one observe a higher level of survival using slow heating (ecological warming), but it should also be noted that in our studies an individual anhydrobiote stays a much longer time at temperatures above 100°C during S (ecological) heating compared with the R heating regime (heat shock), as seen in Figure 2 . In spite of this discrepancy in exposure times, there are significant differences between survival under conditions of S and R, and between S + 10 and R + 10. Before developing the rationale for that observation we discuss results on some of the individual organisms studied here. Table 2 . Hatching after slow heating (S) and rapid heating (R), followed by an additional 10 min (S + 10 and R + 10) at the maximum desired temperature of 110, 120, 130, and 140°C relative to controls (taken as 100%) of tested animals The P-values are from Kolmorov-Smirnov tests between slow heating (S) and rapid heating (R), and slow heating with an additional 10 min (S + 10) compared with rapid heating with an additional 10 min (R + 10).
Cysts of Branchipus and Artemia, and the adult bdelloids and tardigrades, survive temperatures far above those they experience in nature. Branchipus cysts survive higher time-temperature exposures than do the cysts of Artemia. Branchipus lives in shallow depressions and darkly coloured rock outcrops, both situations that favour high temperatures on sunny days in the Mediterranean and the Sahara Desert. In Morocco, in the habitats where we collected Branchipus in rock pools, 54°C was recorded as the maximum surface temperature on Mourne granite (McGreevy, Warke & Smith, 2000) , whereas a record of 80°C is mentioned by McFadden et al. (2005) on dark rock. The cysts of A. franciscana were collected from salterns in the South San Francisco Bay, CA, USA, while floating on brine after their release from maternal females. The cysts are rarely exposed to temperatures in excess of 25°C under those conditions in nature (Clegg et al., 2000; Clegg, Hoa & Sorgeloos, 2001; Tanguay et al., 2004 ), yet some survive temperatures as high as 130°C in the laboratory (Table 2) . Previous work by Hinton (1954 Hinton ( , 1968 and Iwasaki (1973-75) are in general agreement with our findings on these cysts, although their heating materials and methods are lacking in detail. In any event, we find that thermal tolerance evaluated in the laboratory is far greater than would be expected from simple thermal adaptation to the natural habitat.
Adiantum is a fern, so we are dealing here with spores, not seeds. The species thrives in very damp shady habitats, for example near waterfalls, trickling water on rock walls of the Mediterranean and desert regions, and even in similar moist and shaded habitats in the middle of the Sahara. The question arises as to why the spores should be so heat resistant. The answer might involve how these plants arrived at such a spot: in the middle of the desert, surrounded by hundreds of kilometres of sand or dry rubble. One possible interpretation is that these ferns are found in some localities as a relict of previous wetter times. On the other hand, it is our experience that each time one finds such a microhabitat (a shaded damp or humid wall), one can predict with confidence that Adiantum will be found there. This fern produces a large number of spores that are dispersed widely across the desert. When a spore arrives by accident at such a favourable habitat, it germinates, giving rise to a new plant and, subsequently, a local population of ferns. It is important to mention that this species is able to reproduce asexually (sporophytes sprout from a prothallus, the gametophyte, without fertilization). One condition is vital of course: the spores must be resistant to extreme conditions while traveling, including resistance to high temperatures during 'stops' on dry and hot rocky substrates. After all, survival for 10 min at 110°C can be considered extreme for such a plant, given its natural setting. The silver moss (B. argenteum) is also adapted to such ecological heating. One wonders about mosses surviving dry conditions (Holden, 1992) . Here we demonstrated not only the survival of a moss under dry conditions, but also its survival under extremely hot conditions.
The survival of the seeds of Cardamine, Taraxacum, Arabidopsis, and Senecio at temperatures well above 100°C is quite remarkable. Cardamine seeds are outstanding, with over 60% surviving at least 10 min at 130°C (Table 1) . C. hirsuta is an annual weed occurring in ruderal habitats across all continents except Antarctica, growing on disturbed sites such as lawns, pavement cracks, roadsides, or ditches. Its origin and native range are assumed to be in Europe, but the eastern limit in western parts of Asia is not clear (Lihová et al., 2006) . Resistance to S heating makes ecological sense, but resistance to R heating does not. How did this plant acquire such impressive thermotolerance? We provide a speculative explanation next.
We believe the upper thermal limits for the survival of dried eukaryotes on Earth are worth determining because they relate to the stability of contemporary organisms, as well as to their early evolution. These observations suggest the possibility that thermal resistance to extreme temperatures could have arisen very early in the evolution of terrestrial organisms, and has been retained thereafter. Their abilities are not so much the result of recent adaptation, but rather reflect capabilities that were achieved during their early evolutionary history, and have been maintained subsequently, perhaps being linked to other processes, by a kind of epistasis. Others have advanced a similar rationale for the retention of genes over geological time that have been involved with conditions that no longer exist for a given organism (Issartel et al., 2006; Pál et al., 2006) .
It is possible that such thermal abilities were acquired during the Silurian and Devonian eras, before the explosion of leaf-carrying plants. One supposes that temperatures were 5-10°C warmer than the Devonian since the expansion of land plants (Stanley, 1999) . There was neither a buffering effect of an (organic) soil on the bare substrate, nor heat absorption in shaded forests caused, in part, by intense photosynthesis (Glasspool, Edwards & Axe, 2004) . Moreover, the concentration of CO 2 in the atmosphere was much higher. The level of this greenhouse gas also resulted in higher temperatures on the continents (Burroughs, 2001; Prentice, 2001) . The Silurian was relatively warm with slightly drier continents, according to the frequent occurrence of evaporate deposits (Stanley, 1999) . In discussions about the ability of cellular processes such as energy transduction, macromolecular turnover, and functionality of biochemical machinery in general, to operate at very high temperatures, one can suggest that evolutionary bypasses existed for terrestrial organisms during pre-Devonian times. One of these surely was anhydrobiosis, allowing organisms that achieved this ability to survive thermal extremes, as well as to switch their metabolic activities on and off, according to the needs of the moment.
In the Carboniferous Period buffered microclimates became abundant, and we suggest that most species might have subsequently abandoned the expensive genetic machinery that was needed at that time to adapt to existing environmental extremes. Today these organisms inhabit ordinary continental environments, but species with the ancient pre-Devonian protective genes continue to compete on dry 'hotspots'. It is conceivable that the species we have studied here exhibit characteristics arising from the retention and expression of such 'ancient genes' from Devonian times, or even earlier. Anhydrobiosis enables adaptation of the life history stages of a species to survive a variety of environmental extremes, in addition to drought. Thus, we are not considering the evolution of hyperthermophiles, but the need for hyperthermoresistant anhydrobiotes to deal with the dry and hot periods that existed much earlier on Earth. Taken together, our results on S and R heating provide the basis for what might be called the 'ecological temperature slope hypothesis', supporting the hypothesis that contemporary organisms have retained 'ancient genes' from Devonian times or earlier, which were needed for protection in those extremely dry and very hot terrestrial environments.
